e degradation temperatures (DTs), heat stability (IPDT), degradation kinetics, and water uptake of epoxy resin were investigated using thermogravimetric analysis. Epoxy resins were prepared by crosslinking epoxydized oils with vital wheat gluten (VG) and millet flour. e reactions included three oils (cottonseed, sesame, and sunflower) and three levels of zinc chloride (ZC) (1, 2, and 3%). e apparent activation energy (E a ) was calculated using the Flynn-Wall-Ozawa method. e DT increased at higher heating rates within the same ZC level of the same oil type. Cottonseed oil exhibited the highest DT. e highest IPDT was 637°C of the sunflower oil/millet resin (3% ZC), and the least was the cottonseed/millet (1% ZC) at 479°C. e sesame-millet resin exhibited the highest E a (622 KJ/mol) followed by sunflower-gluten (496 KJ/mol) and sesame-gluten (454 KJ/mol). e profiles of all resins point to a multistep degradation, but some of the profiles display two dominant kinetic processes, and the remaining resins showed three processes. e variation in crosslinking density between the oils is attributable to the different amounts of oxirane rings which are associated with the double bonds of the fatty acid of the oils. Like other parameters, the water uptake was affected by the ZC content, where most of the resins did not reach water uptake equilibrium. Nonetheless, the 3% ZC resin reached equilibrium after 5 days of immersion.
Introduction
Due to the public concern, biodegradable plastics have been developed and used in packaging for environmental protection. is has been instigated by the polluting effect of nondegradable synthetic polymers or petroleum based in ocean and landfills. A number of packing materials, especially food packing, have been developed to meet consumer needs. Despite the advantages of petroleum-based materials such as gas permeability control and resiliency, these materials are not environmentally friendly because of disposal difficulties and the large amounts of heat and exhaust gases generated when burned, thus posing a global environmental pollution threat. As a result of consumer demands and rising petroleum prices, the utilization of environmentally friendly materials became necessary as an alternative to nonrenewable resources originating from agricultural sources.
Epoxy thermoset resins are one of the best reactive industrial materials by virtue of their excellent properties and low cost. ey have been widely used in a number of industries including adhesives, automotives, and electronics due to their versatile physicochemical and mechanical properties [1] [2] [3] . It is problematic to consider one mechanism of thermal degradation for all epoxy resin because of the different natures of the resin and the chemical nature of the used resin hardener. For instance, di-or triamine acts as a hardener when mixed with epoxy resin chains. e reactive epoxide rings can be opened by the nucleophilic amino groups to crosslink polymer chains together, initiating the polymer hardening process [4] [5] [6] [7] .
Most methodologies used for characterizing the thermal decomposition of materials permit the determination of the activation energy which is the main kinetic parameter. is corresponds to the minimum energy necessary to start a chemical reaction and depends on the state of decomposition, pressure, and temperature. Depending on the number of decomposition steps and the scope of the study, single-step or multiple-step kinetic models were used [8] [9] [10] [11] . In the most part, the objectives of using degradation steps were to obtain the best fit between experimental and numerical weight loss curves [12] . e determination of kinetics parameters was centered on developing the least-squares fitting procedure based on DTGA curve measurement at different heating rates [10] . Contingent on the studied material, the decomposition can be highly complex. In addition, it is not reversible and is described by a classical reaction rate following the Arrhenius equation.
Most published methods used for determining degradation kinetic parameters from TGA are derived from three main equations:
where DR is the degradation rate, f(a) is the reaction model, "a" is the degree of the reaction, K(T) is the temperaturedependent rate constant, "T " is the temperature, and "t" is the time. e term K(T) is presumed to obey the Arrhenius relationship:
where E a is the activation energy, A is the preexponential factor, and R is the gas constant. A model-free analysis was proposed by Friedman using thermogravimetric data [10] . It permits to plot the activation energy as a function of the degree of decomposition conversion, which may reveal one or more reaction steps. If the calculated activation energy was constant as a function of decomposition degree, only one reaction occurred and can only be described by the kinetic equation (1) . Otherwise, a multistep reaction has to be considered if the activation energy was changing, and the reaction rate of each step can be described. erefore, the kinetic model could include independent reactions, successive reactions, and competitive reactions or a mixture of all reaction types [13] [14] [15] .
One of the most important characteristics of resins is the water uptake. Becker et al. reported that water uptake of neat polymers is higher than the composite of the same polymer blended with nanoclays [16] . e decomposition process of organic materials can be divided into three stages: desorption of water and other low-molecular-weight organic species (below 180°C), followed by the decomposition of organic substances (200-500°C), where other compounds degrade between 500 and 1000°C [17] . Water uptake of epoxy resin has been widely studied because of the effect of water on the neat resin performance and its composites. Epoxy resin water uptake is often related to the free volume of the resin. Other researchers found a strong correlation between the whole volume of the resin and the water uptake [18] . Tscharkhtchi et al. reported that water uptake causes no change in the volume (no swelling) of the material because water dissolves in the polar regions of the resin [19] . e work presented here investigated the thermal degradation of a biodegradable epoxy resin prepared from millet flour and wheat gluten crosslinked with different epoxydized vegetable oils. e degradation kinetics, heat stability, and water uptake properties were examined.
Materials and Methods
2.1. Materials. ASVOC sunflower oil, sesame, and cottonseed oils (Arab Sudanese Vegetable Oil Company, Khartoum North, Sudan) were purchased from a local supermarket. Yellow millet flour (MF) grown in Jazan (Saudi Arabia) was purchased from the local market, and vital wheat gluten (VG) was obtained from Midwest Grain Products (Pekin, IL).
Development of Epoxydized Oils.
Oil epoxydization was performed by reacting oil with hydrogen peroxide in the presence of formic acid. e oil of interest (about 280 g) was placed in a flask with a heating jacket. On the top of the flask, a mechanical stirrer was placed. e initial temperature was 40°C [20] increased to 70°C after adding 25 ml formic acid and 200 ml of 50% peroxide solution with constant stirring. e reaction time varied according to oil type and protein source. e product was washed with saturated ethyl acetate (pH 7.5) and NaCl and dried in a vacuum oven at 60°C.
Analysis of Epoxydized Oils.
e yield of the epoxydization reaction was tested by the Fourier Transform Infrared (FTIR) Attenuated Total Reflection (ATR) method (Bruker Alpha-Eco ATR-FTIR, Bruker Optics Inc., Ettlingen, Germany). e epoxy ring bonds, C-O-C stretching, were detected at 824-842 cm − 1 using the FTIR [20] . e end of the reaction was determined by monitoring the size of the oxirane peak as well as the amide I and amide II bands. e reaction ends when the oxirane peaks fade away.
Development of Epoxy Resin.
e curing process of the epoxy resin reaction was carried out by adding epoxydized oil (50 g) in a glass reactor at 70°C, followed by 1, 2, or 3% of zinc chloride (ZnCl 2 ) and little nitrogen purge. e vital gluten (20 g) was added slowly at 500 rpm and increased to 750 rpm for the duration of the reaction. e thickness of the product texture and the disappearance of the C-O-C bonds and reduction in amide I and II bands were used as indicators of the end of the reaction. e most obvious sign of the end of the reaction is the rise in the product thickness, where the material turns into a thick mass that prevented the stirrer from turning. is is, in addition, to the disappearance of the C-O-C band at 845-824 cm − 1 , as mentioned earlier, and the reduction in amide I at 1375 cm − 1 and II at 1236 cm − 1 on the IR spectrum.
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ermal Stability.
e thermal stability of polymers can be predicted according to the integral procedure decomposition temperature (IPDT) suggested by Doyle in 1961 [21] . e IPDT has been correlated with the volatile parts of polymeric materials and used for assessing the intrinsic thermal stability of polymers.
IPDT was calculated from IPDT (°C) � A * K * (Tf − Ti) + Ti:
where A * is the area ratio of the experimental TGA curve defined by the total thermogram area, as shown in Figure 1 .
Ti is the initial temperature, and Tf is the final experimental temperature.
2.6. ermal Degradation Kinetics. ermogravimetric analysis (TGA) was performed using a 2050 DTGA (TA Instruments, New Castle, DE). Samples (10 mg) were heated at 20, 30, and 40°C/min. e furnace was purged with nitrogen for the duration of the test (60 ml/min). e TGA data were plotted as temperature versus weight % or derivative weight %, from which onset, final, and peak decomposition temperatures were obtained. e activation energy was determined at all heating rates, and the percentage conversion per minute was reported. After analysis, kinetics data were obtained using the TA Specialty Library software, with reported activation energies at 50% conversion.
By applying the multiple heating rate method, TGA can be used to calculate the degradation activation energy according to Flynn-Wall-Ozawa equation (3):
where β is the heating rate, T is the absolute temperature, R is the gas constant, a is the conversion, E a is the activation energy, and A is the preexponential factor. erefore, the activation energy E a is obtained from the slope of the right log β vs. 1/T corresponding to certain conversion [E a � − R * slope/(0.457)].
Water Uptake.
Specimens of each material with dimensions 90 × 90 × 140 mm were placed in beakers filled with distilled water, and the temperature of the water bath was set at 80 ± 1°C. After definite time interims, samples were removed from the beaker, dried with paper towel, and weighed on analytical scale. e results have been plotted in terms of percentage of mass uptake M i versus time t, according to the following equation:
where M(t) is the weight at the time t and M(0) is the initial weight before insertion in water.
Results and Discussion
e development of the oxirane ring during oil epoxydization was monitored by FTIR. Figure 2 shows how the oxirane ring was detected using FTIR around 824-842 cm − 1 , where the figure illustrates the difference between the oils with respect to the peak size and location. Sunflower oil had more oxirane rings compared to the sesame and the cottonseed by virtue of the difference in fatty acid composition, in addition to the higher amide I and II. Cottonseed oil contained the least amount of oxirane rings and amid I bands (profile is not shown). In addition, sesame oil had the oxirane ring and amid II in between the other two oils. Figure 3 shows representative TGA degradation thermograms of epoxy resin of millet flour crosslinked with all three oils with 3% zinc chloride (ZC) heated at 20°C/min from 30°C to 600°C in nitrogen environment.
Onset and Peak Temperature of Degradation.
ermogravimetric (TG) curves were analyzed in terms of the decomposition onset temperature (ON) and the temperature at the peak of degradation (DPT). e ON of degradation is usually taken after 5% of the material is degraded. e tested resins exhibited two types of profile at all heating rates and percent ZC, where resins based on vital gluten (VG) exhibited one main peak and two minor shoulders at the beginning and the end of the degradation profile (Figure 4 ), whereas the resins based on millet flour (MF) exhibited two distinct peaks ( Figure 5 ).
In general, the ON varied according to oil type which is due to the difference in the amount of oxirane ring. e ON increased at higher heating rates within the same ZC level regardless of oil type; however, within the same heating rate and at higher ZC, it decreased (Tables 1 and 2 ). e data were compared by looking at the ON at the same heating rate and ZC level for different oil types. With respect to ON, oils rank as sunflower oil > cottonseed > sesame (Tables 1 and 2) . erefore, regardless of the oil type, the ON gluten or millet- Journal of Chemistry 3 based resins were affected in the same way. e DPT for both resins increased at a higher heating rate within the same ZC level except for millet resin at 3% ZC of cottonseed and sunflower (Tables 1 and 2 ). e ranking of the oils pertaining to the DPT was cottonseed > sunflower > sesame. e DPTof the gluten resin increased at higher ZC except for sesame oil at 3% ZC. erefore, samples with lower DPT could be described as low in crosslinking density and high free volume by virtue of low ZC content [22, 23] . Sesame oil resin exhibited the lowest ON and DPT compared to the other oils which could be attributed to the presence of excess volatiles or low-molecular-weight fragment generated during crosslinking. e differences in crosslinking density between the oils are attributed to the different amounts of oxirane rings which are associated with the double bonds of the fatty acid of the designated oils. At temperatures far above the glass transition of a low DPT resin, it becomes more expansible and creates more gaps between the molecules of the formed network amid crosslinking [24] . ese gaps permit for the diffusion and evaporation of the volatile materials or the degradation of the low-molecular-weight compounds at the first phase of decomposition. e TGA degradation thermograms in Figure 6 (a) show the behavior of glutenbased resin at different ZC levels, whereas in Figure 6 (b), the profiles of the resins based on different types of oil at the same heating rate and ZC content are illustrated. e profiles demonstrated how the addition of 3% ZC can delay the degradation of the cottonseed/gluten resin compared to the 1% and 2%, while the 2% exhibited the lowest ON ( Figure 6(a) ). e ON of the 2% zinc chloride resin is expected to be in between the 1% and the 3%, but it was lower than the 1% ZC. e behavior of the 2% ZC could be attributed to the presence of more space between the molecules taking part in creating the resin. is space allows for lower DPT after the resin reaches glass transition.
is behavior was observed for the DPT discussed above. 
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However, when comparing the three oils at the same heating rate and ZC content, cottonseed and sesame oils exhibited similar profiles, whereas the ON of sunflower oil was much lower and the profile appeared to have more than one degradation step, as shown in Figure 6(b) . At the end of thermal degradation, the residue of sunflower oil in Figure 6 (b) was much higher than the other oils indicating more heat resistant. is behavior is well illustrated by the IPDT values of sunflower oil (to be presented later in the discussion). In general, the residue of some of the tested samples was affected by the heating rate and the ZC content, as shown in Tables 1 and 2 . Resins based on gluten exhibited lower residue at higher heating rates with some exceptions especially at 1% ZC (Table 1 ). Compared to the other ZC levels, the 3% zinc chloride seems to maintain lower residue at higher heating rates. All three oils of the millet-based resin exhibited lower residue at a higher heating rate and 3% zinc chloride. Unlike cottonseed-millet resins, sesame and sunflower oils exhibited mixed residue content ( Table 2 ). e gluten and millet resins exhibited different residues and responded differently to heating rates. Regarding the highest percent residue, resins can be ranked as 3% ZC sunflower-millet >3% sunflower-gluten >3% cottonseed-millet. So, millet resins are more heat resistant than vital gluten resins. is variation in residue content could be attributed to the formation of a layer on the surface of the resin during heating that acted as the heat barrier which prevented further degradation and thus higher residue [24] . Certainly, the presence of carbohydrates in the millet flour could be the reason for the heat resistance.
ermal Stability.
Schematic representation of S 1 , S 2 , and S 3 is illustrated in Figure 7 for calculating A * and K * . e integral procedure decomposition temperature (IPDT) of the resin depended on the type of oil as well as the level of zinc chloride. Regardless of the oil type, resins exhibited higher thermal stability at a higher zinc chloride content (Tables 3 and 4 ). With respect to ZC content, IPDT values can be ranked as 3% > 2% > 1%, whereas sunflower-millet resin exhibited the highest IPDT followed by sunflowergluten resin. is was apparent in the size of S 1 of the resin. Nonetheless, vital gluten resins exhibited overall higher IPDT than millet resin (Tables 3 and 4 ). e most heatresistant resin was the sunflower oil/millet resin with 3% zinc chloride, whereas the least was the cottonseed/millet at 1% zinc chloride.
is difference was also observed for the degradation ON and the heat resistant, where sunflower oil ranked the highest and ranked second with respect to DPT. e zinc chloride content which played the role of opening the oxirane ring amid the crosslinking reaction appeared to be the cause of the high IPDT value as shown in Tables 3 and  4 . In these tables, linear increase in IPDT was observed as a function of the zinc chloride content. In Tables 3 and 4 Journal of Chemistry IPDT values for the millet-based resin were closer for the 1% ZC, but the sesame oil resin IPDT vales were scattered for all three ZC levels. Once again, sesame oil exhibited different behaviors compared to the other oils.
, the
A * � (S 1 + S 2 )/(S 1 + S 2 + S 3 ); IPDT � integral procedure decomposition temperature; K * � (S 1 + S 2 )/S 1 .
Degradation Kinetics.
e degree of conversion is defined as the ratio of the fixed weight loss and the total weight loss. erefore, the rate of weight loss (degradation) (da/dt) is contingent on the temperature and the weight of the sample, as demonstrated by equation (1) . e TGA degradation kinetics theory is based on the fact that the activation energy is constant for certain conversions. e log of heating rates as a function of the reciprocal of temperature at each percent conversion presented parallel lines (Figure 7) . Figure 8 is a representative example of the three oils and zinc chloride levels. e experimental data are well fitted by the Flynn-Wall-Ozawa method. Figure 8 shows the dependencies of activation energy (E a ) on the conversion. e sesame-millet resin exhibited the highest E a (622 KJ/mol) followed by sunflower-gluten (496 KJ/mol) and sesamegluten (454 KJ/mol), whereas the longest range between the 10% and 70% conversion was observed for the sesame-millet and sunflower-gluten resins. Sunflower oil resin showed the lowest E a at 10% conversion. Figure 8 illustrates the correlation between the E a and the percent conversion. In the example of vital gluten resin, E a increased at higher zinc chloride which is consistent with higher crosslinking except for the sesame resin. With respect to millet resin, higher zinc chloride content appeared to reduce the overall activation energy with the exception of the 2% zinc chloride of the sesame resin (Figure 8 ). E a of the thermal degradation increases as a function of percent conversion which is typical of polymer degradation [21] . Resin with high stability is reflected as high E a . e increase in E a is due to the formation of char on the surface which delays heat transfer and consequently slower resin degradation [25] . e average E a of sesame oil resin was higher than the other oils which indicate that sesame oil promoted thermal stability of the resin. e plot of E a as a function of percent degradation is frequently used to indicate the degradation mechanism. For example, when the profile consists of one strait line the degradation is considered a one step process, otherwise it is a multistep. In Figure 8 , the profiles of all resins point to a multistep degradation, but some of the profiles display two dominant kinetic processes and other resins showed three. E a at the beginning of degradation was different for almost all samples.
is could be attributed to the degree of crosslinking which creates different void volumes as well as volatile components. e reaction mechanism at a higher degree of conversion could be due to multipart reactions during the decomposition. Between 20 and 50% conversion, E a appeared to level off and increased after that except for sunflower oil where E a continues to increase at higher percent degradation (Figure 8 ).
3.4. Water Uptake. Two approaches to the mechanism of water absorption in epoxy resins have emerged. One is the free volume approach which assumes that water diffuses into the free volume of the resin where bonding between water molecule and epoxy resin network is considered insignificant. e other approach is the interaction concept that proposes that water molecules couple intensely with specific hydrophilic functional groups such as hydroxyl or amine of the resin. e water absorption curves for all composites at the three levels of zinc chloride are illustrated in Figure 9 . e results are expressed as weight increase as a function of immersion time. Significant difference between the composites with respect to water uptake was observed especially at a longer immersion time. It is obvious in Figure 9 how zinc chloride affected water uptake because for some composites, the increase in zinc chloride had little effect on the water uptake such as in cottonseed-gluten, sesame-gluten, and sunflower-millet, but for the remaining composites higher water uptake was detected for the lower zinc chloride content. In the most part, the profile of composites with 1% zinc chloride exhibited the highest water uptake, but the water uptake of the 2% zinc chloride of the sesame-millet and sunflower-gluten composites was lower than the 3%. is could be attributed to smaller free volume or to the limited hydrophilic groups buried in these composites. In other words, the crosslinking of the 2% zinc chloride covers more area of the composite than the 3%. Some authors consider highly crosslinked polymers are usually associated with limited chain mobility and thus higher free volume [26, 27] . It is worth to note that the rates of water absorption were very high at the beginning, where the rate decreased with time. e weight of the resin did not reach equilibrium after 12 hours of the immersion. is fast increase is due to the nature of the components of the composite, mainly the gluten and millet flour. Biomaterials absorb more water than synthetic polymers due to their hydrophilic nature, which may limit their utilization. But, composites with cottonseed-gluten and sunflower-millet were approaching equilibrium after 12 hours. In addition, the water uptake data of the 3% zinc chloride samples of all three oils were recorded daily after immersion for 8 days.
e data showed that, after 5 days, the composites reached moisture equilibrium (data are not shown). erefore, because water uptake did not reach equilibrium after 12 hours, this may have an adverse effect on the utilization of the composite in the humid environment.
Conclusion
From the TGA profiles, resins containing higher zinc chloride were more stable. Gluten resin exhibited the overall higher heat stability, but the most heat-resistant resin was the sunflower/millet at 3% zinc chloride. Sesame oil/millet resin exhibited the highest activation energy followed by sunflower/gluten and sesame/gluten. With some exceptions, lower zinc chloride increased the water uptake of the resins. Generally, the resins did not reach water uptake equilibrium, but composites with cottonseed-gluten and sunflower-millet were approaching equilibrium after 12 hours of immersion. After 5 days of immersion in water, the 3% zinc chloride resins reached equilibrium. Resins can be ranked as 3% ZC sunflower-millet >3% sunflower-gluten >3% cottonseed-millet with regard to the remaining degradation residue. is variation in residue content could be attributed to the formation of a layer on the surface of the resin during heating that acted as heat barrier that prevented further degradation. erefore, the cause of variations between the millet and vital gluten resins is due to the different oil compositions and the effect of zinc chloride level on the crosslinking process.
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